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Dielectric responses have been investigated on the triangular-lattice antiferromagnet CuFeO2 and
its site-diluted analogs CuFe1−xAlxO2 (x=0.01 and 0.02) with and without application of magnetic
field. We have found a ferroelectric behavior at zero magnetic field for x=0.02. At any doping level,
the onset field of the ferroelectricity always coincides with that of the noncollinear magnetic structure
while the transition field dramatically decreases to zero field with Al doping. The results imply the
further possibility of producing the ferroelectricity by modifying the frustrated spin structure in
terms of site-doping and external magnetic field.
PACS numbers: 75.80.+q, 77.80.-e, 75.30.Kz, 75.50.Lk
The ferroelectricity in magnetic materials has been at-
tracting much attention because of possibility of show-
ing gigantic magneto-electric effects[1, 2, 3], as stimu-
lated by the discovery of the electric polarization flop
induced by a magnetic field in TbMnO3[4]. Simi-
lar ferroelectric behaviors have recently been discov-
ered in several spin-frustrated systems; Ni3V2O8[5],
Ba0.5Sr1.5Zn2Fe12O22[6], CoCr2O4[7], and MnWO4[8].
In all these materials, the ferroelectric behavior is ob-
served in the noncollinear magnetic phase. Katsura et
al. proposed the spin current theory for the origin of fer-
roelectricity in the noncollinear magnetic phase[9]. In the
theory, the electric dipole is induced by the spin current,
which is expected to flow between noncollinear magnetic
moments in analogy to the magnetic dipole induced by
electric current. To produce such a ferroelectricity of
magnetic origin, modification or partial lifting of spin
state degeneracy may be prerequisite with use of the frus-
trated spin systems.
Delafossite CuFeO2 (See Fig. 1(d) for the struc-
ture) is one of candidates for such magnetic ferro-
electrics. The crystal structure is characterized by
the space group R3¯m, with two-dimensional triangu-
lar lattice layers stacked rhombohedrally along the c-
axis (Fig. 1(d)). The magnetic structure of this ma-
terial has been studied extensively by neutron diffrac-
tion measurements[10, 11, 12, 13, 14, 15]. At zero
field, a 4-sublattice collinear structure (CM-4) is ob-
served at the lowest temperature. When the field is in-
creased up to 7 T, a noncollinear spin structure (NC)
emerges[16]. Above 12 T, a 5-sublattice collinear struc-
ture (CM-5) is realized[11]. Recently, Kimura et al.
reported that the spontaneous polarization is observed
in the noncollinear magnetic phase in between the 4-
sublattice and 5-sublattice phases[18]. Similarly to the
magnetic field, Al doping is known to easily modify the
magnetic structure[13]. The 2 % substitution of Fe with
Al induces the transition from CM-4 to NC at zero field
and low temperature[12]. To clarify the relation be-
tween the magnetic structure and dielectric properties,
the search for electric polarization is desirable also for
the Al-doped crystals. In this work, we report the find-
ing of ferroelectricity in the noncollinear magnetic phase
of the Al doped crystal even in the absence of external
magnetic field as well as the systematic evolution of the
magneto-electric phase with Al-doping. This ensures the
close relation between the noncollinear magnetic struc-
ture and ferroelectricity.
Single crystals of CuFe1−xAlxO2(x=0.00, 0.01, 0.02)
were prepared by a floating zone method[19]. For the
measurements of pyroelectric current and dielectric con-
stant, the crystals were cut into thin planes with the
widest faces parallel to (11¯0) plane. As the electrodes,
we painted silver paste onto these faces. Dielectric con-
stant was measured at 100 kHz using an LCR meter. For
the electric polarization, we measured the pyroelectric
current with a constant rate of temperature sweep and
integrated it with time. Prior to the current measure-
ments, a proper poling procedure was taken with electric
field (∼ 200 kV/m) perpendicular to the c-axis to ob-
tain a single ferroelectric domain. In most cases, the
current measurements were carried out at a rate of 5 ∼
20 K/min in warming run once after cooling down to
the lowest temperature with the poling electric field. In
case the reentrant paraelectric behavior is observed, the
poling was once stopped in the ferroelectric phase, and
then the pyroelectric displacement current was measured
with both increasing and decreasing temperature from
the stopped temperature. AC and DC measurements of
magnetization were done with a Physical Property Mea-
surement System (PPMS, Quantum Design Inc.).
Figure 1 shows the temperature dependence of the
AC susceptibility, dielectric constant, and polarization
for x=0.02. There are known to be three magnetically
ordered phases at zero magnetic field in this crystal[12].
While the wave vector of magnetic modulation is along
2FIG. 1: (color online). Temperature profiles of (a) ac sus-
ceptibility measured with magnetic fields parallel and per-
pendicular to the c-axis, (b) in-plane dielectric constant,
and (c) electric polarization perpendicular to the c-axis for
CuFe1−xAlxO2 (x=0.02). The arrows in (a) and (b) indicate
the thermal scan direction of the measurement. Two opposite
poling electric fields are used for the polarization measure-
ment (E > 0 and E < 0). (d) Schematic crystal structure of
delafossite CuFe(Al)O2.
(110) in all the phases, the direction of the magnetic mo-
ment is different among the phases. The sinusoidal and
collinear magnetic structure shows up at 14 K (ICM2).
While the magnetic moments are canted by 50 degree
from the c-axis in the ICM2 phase[14], they are aligned
to the c-axis in the lower temperature phase below 11 K
(ICM1)[10]. The noncollinear magnetic structure (NC) is
realized below 7 K. A broad peak of susceptibility around
14 K for both H ‖ c and H ⊥ c corresponds to the tran-
sition from paramagnetic phase (PM) to ICM2. Kinks in
the susceptibility for H ‖ c at 11 K and 7 K are caused
by the transitions from ICM2 to ICM1 and from ICM1
to NC, respectively. The kink corresponding to the lower
transition temperature is also observed in the susceptibil-
ity for H ⊥ c. The difference in the anisotropy of suscep-
tibility between ICM1 and ICM2 is due to the direction
of the magnetic moments. A large thermal hysteresis is
observed in ICM1 in the susceptibility for H ‖ c. The
dielectric constant shows kinks at 11 K and 7 K, simi-
larly to the magnetic susceptibility. The hysteresis is also
observed for the dielectric constant in the ICM1 phase.
These suggest the strong coupling between the electric
and magnetic properties in this material. Most impor-
tantly, the spontaneous polarization begins to increase
at 7 K, which is the transition temperature of the non-
collinear phase. We confirm the ferroelectric nature, that
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FIG. 2: (color online). Magnetic field dependence of magneti-
zation at various temperatures for CuFe1−xAlxO2 ((a)x=0.00,
(b)x=0.01, (c)x=0.02). Arrows indicate the field-scan direc-
tion of the measurement. In the measurement for x=0.01,
the sample was warmed up to 20 K and cooled down without
magnetic field, prior to each field-increasing run.
is the sign reversal of the polarization when the opposite
poling field is used. This polarization is observed at zero
magnetic field, in contrast with the case for x=0.00[18],
where polarization is induced only when magnetic fields
of 6 - 13 T are applied along the c-axis.
Hereafter, we investigate the systematic evolution of
the magnetoelectric phase with variation of Al-doping x.
The magnetization curves for x=0.00 at various temper-
atures are shown in Fig. 2(a). Below 9 K, two notable
steps are discerned in each curve. The step at the lower
field corresponds to the transition from the commensu-
rate 4 sublattice (CM-4 : ↑↑↓↓ with collinear spin direc-
tions along the c-axis) to the noncollinear magnetic struc-
ture. The higher-lying one is due to the emergence of the
commensurate 5 sublattice (CM-5 : ↑↑↑↓↓ with collinear
spin directions along the c-axis) magnetic structure. The
wave vectors of both CM-4 and CM-5 are also parallel
to (110). Figure 3(a) depicts the temperature depen-
dence of electric polarization at various magnetic fields
for x=0.00. The spontaneous polarization is observed
between 7 T and 12 T. This magnetic field region corre-
sponds to the noncollinear magnetic phase. The results
for x=0.00 are consistent with the previous report[18].
In the case for x=0.01 (Fig. 2(b)), the two magnetic
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FIG. 3: (color). Temperature dependence of electric polar-
ization perpendicular to the c-axis at various magnetic fields
for CuFe1−xAlxO2, (a)x=0.00, (b)x=0.01, (c)x=0.02. Ar-
rows in (a) and (b) indicate the thermal scan direction of the
measurement. After a proper poling procedure, each mea-
surement was made in a warming run unless indicated by the
arrows (see text).
phase transitions are also observed below 7 K, while the
transition field from CM-4 to NC considerably decreases.
The larger magnetic-field hysteresis is observed for the
transition than for x=0.00. Above 6.8 K, the magnetiza-
tion is linear with the magnetic field below 7 T in a field-
decreasing run, while the step-like structure is observed
around 4 T in a field-increasing run (for the detail of the
cooling procedure, see the figure caption). This suggests
that NC phase exists even at zero field in this temper-
ature region once after high enough field is applied. In
Fig. 3(b), we show the temperature dependence of po-
larization at various fields for x=0.01. At zero field, the
finite spontaneous polarization is observed between 6 K
and 9 K in the first temperature scan after poling while
it is almost negligible in a warming process after cooling
down to 2 K without electric field. A similar behavior is
observed below 3 T[21]. Above 4 T, there is a sponta-
neous polarization even at the lowest temperature. The
polarization disappears at the NC - to - CM-5 transition
field.
Figure 2(c) depicts magnetization curves for x=0.02.
Only a single step is observed around 10 T below 4 K, as
caused by the transition from the NC to CM-5 phase[20].
This confirms that the CM-4 phase is completely sup-
pressed for the x=0.02 doping. Figure 3(c) shows the
temperature dependence of polarization for x=0.02. The
polarization begins to increase around 7 K with decreas-
ing temperature at zero magnetic field. The reentrant
paraelectric behavior as observed for x=0.01 at H < 3
T is not observed for the case of x=0.02. The onset
temperature of the spontaneous polarization decreases
with magnetic field. The ferroelectric behavior disap-
pears above 12 T. Thus, the ferroelectric region seems
to coincide with the region of NC phase also for the Al-
doped crystals.
The variations of these phase competitions with mag-
netic field and Al-doping are more clearly figured out
by the magnetoelectric phase diagram (Fig. 4); the
temperature versus magnetic field (perpendicular to the
c-axis) phase diagrams for (a)x=0.00, (b)x=0.01, and
(c)x=0.02. They were determined by the measurements
of magnetization and dielectric constant. The phase dia-
grams for x = 0.00 and x = 0.02, apart from the identifi-
cation of the ferroelectric state, agree with the previously
reported ones determined by neutron scattering[11, 12].
Although the neutron scattering was done only under
zero magnetic field for x=0.01[13], each magnetic phase
can be specified by the comparison with the phase dia-
grams for x=0.00 and x=0.02. The ICM2 phase appears
when Al is doped into CuFeO2. The critical field for the
transition from CM-4 to ferroelectric NC decreases dra-
matically but systematically with Al doping. The CM-4
phase is completely suppressed for x=0.02. The onset of
the spontaneous polarization is also plotted with circles.
Importantly, in each diagram, spontaneous polarization
is observed only in the NC phase (shadowed region), not
in the collinear nor paramagnetic phase. This indicates
the firm relation between the noncollinear spin structure
and ferroelectricity.
The presently observed ferroelectric NC phase may be
relevant to the spin current model[9], which has suc-
cessfully explained the origin of ferroelectricity in some
of recently found magnetic ferroelectrics. According to
this model, the electric polarization ~Pij produced be-
tween the two magnetic moments ~Si and ~Sj is given by
~Pij ∝ ~eij × (~Si × ~Sj) with ~eij being the unit vector con-
necting the sites i and j. In a noncollinear magnetic
phase, in general, the term ~Si × ~Sj shows a finite value.
Therefore, the spin current model is consistent with the
fact that the ferroelectricity is observed only in the non-
collinear phase. Nevertheless, previous neutron diffrac-
tion studies[11, 15] suggest that the spin direction is al-
ways perpendicular to the wave vector in the noncollinear
magnetic structures of both x=0.00 and x=0.02 crystals.
This suggests that ~Si × ~Sj ‖ ~eij , and hence contradicts
with the spin current model. If this spin structure model
for the incommensurate NC phase were correct, it would
be very difficult to assign the origin of ferroelectricity for
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FIG. 4: Temperature (T ) versus magnetic field (H) phase
diagram of CuFe1−xAlxO2 for (a)x=0.00, (b)x=0.01, and
(c)x=0.02 (H ‖ c). Circle, triangle, square, and diamond
data points were obtained by measurements of electric po-
larization, dielectric constant, magnetization (T -dependence),
and magnetization (H-dependence), respectively. Open and
filled symbols represent the anomalies in the increasing and
decreasing T or H , respectively. Spontaneous electric polar-
ization was observed in the shadowed region. In the hatched
area, the magnetic structure depends on the hysteresis. The
CM-4 phase remains in a field-increasing or temperature-
increasing run, otherwise the NC phase shows up in this area.
CuFe1−xAlxO2 at the present stage. To revisit and pos-
sibly revise the magnetic structure may be needed[16].
In summary, we have demonstrated the emergence of
ferroelectricity via the impurity (Al) doping (x ∼ 0.02)
in the triangular lattice antiferromagnet CuFeO2. The
magnetic phase diagram changes dramatically and in par-
ticular the critical magnetic field for the collinear - to -
noncollinear (NC) transition decreases down to zero field
with Al doping up to x=0.02. The finite electric polar-
ization was observed only in the noncollinear magnetic
structure, not in collinear one, suggesting the magnetic
origin of the ferroelectricity. Thus, the modification of
the spin frustration with site-dilution is another promis-
ing route to realize novel magnetic ferroelectrics.
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